ABSTRACT: Seasonal vanations in oxygen, phosphate and arnmonium fluxes between the sediment and overlying water were measured in a small shaiiow estuary (Palmones River Estuary, southern Spain) from Juiy 1996 to Juiy 1997. Fluxes at the sediment-water interface were measured in situ and compared with those obtained from the Pore water gradients. Oxygen consurnption rates ranged from 62.5 to 87.4 mmol m-' d-', and were highly correlated with phosphate (226 to 1597 pmol m-' d-') and ammonium (3189 to 9561 pmol m-' d-') fluxes. The diffusive fluxes of phosphate and ammonium, computed from the Pore water gradient, were lower than those measured in situ (from 7 to 24 tirnes for phosphate and from 21 to 55 tirnes for ammonium). Nutnent fluxes are weii correlated with temperature and with the C:N ratio of organic matter within the upper 2 cm of the sediment.
INTRODUCTION
The biogeochemical transformations occurring in sediments cause chemical mass transfers from sediments to the water column. Nutrient release from sediments can be an important factor in controlling the trophic state of aquatic Systems, especially in shallow waters (Nixon et al. 1976 , Boynton et al. 1980 , Hopkinson & Wetze1 1982 , Ingall & Jahnke 1997 .
When organic matter is accurnulated due to high productivity, the sediment may act as a sink of phosphorus and nitrogen. The total decomposition of organic matter returns carbon, nitrogen and phosphorus to their soluble forms. In anaerobic sediments, bacteria reduce nitrate to ammonium and NP; phosphorus remains soluble because it does not form insoluble compounds with metals under these conditions (Libe 1992) . Thus, amrnonium and phosphate could be released from the sedirnents to overlying water, enhancing pnmary production in an amplified positive feedback (Klump & Martens 1981 , Blackburn & Henriksen 1983 , Furrer et al. 1996 , van Cappellen & Gaillard 1996 .
To determine the quantity of nutrients buried versus that recycled to overlying water, benthic nutrient fluxes together with measurements of oxygen consumption could provide valuable information on the rate of organic matter mineralization in sediments (Aller 1980 , Elderfield et al. 1981 , Srnith et al. 1983 , Hammond et al. 1985 . Additionally, nutrient fluxes can be computed from Pore water profiles according to Fick's diffusion law (McCaffrey et al. 1980 , Callender & Hammond 1982 , Balzer et al. 1983 , Clavero et al. 1991 . Comparison of computed fluxes with in situ flux measurements can provide information about the relation between fluxes at the sediment-water interface and nutrient cycling within the sediment column.
Palmones is a small shallow estuary located near the Strait of Gibraltar (southern Spain). Recent climatic changes, charactenzed by a severe drought, have decreased river discharge dramatically, increasing the influence of tides on the water flow in the estuanne basin (Carreira et al. 1995 , Clavero et al. 1997a . Important changes in the estuanne biota have recently been descnbed (Izquierdo 1996 , Clavero et al. 1997a , Aviles 1998 ). For example, until 1992 Nereis diversicolor compnsed the entire animal biomass in sediments (Clavero et al. 1991 (Clavero et al. , 1992 , but this species has not been observed since. Furthermore, the seagrass Zostera noltii, which covered 10 % of the sediment surface (Perez-Llorens & Niell 1990 , Hernandez et al. 1994 , has disappeared and the seaweed Ulva rotundata is now the dominant species, covenng up to 90 % of the sediment surface (Hernandez et al. 1997) in some areas of the estuary. These U. rotundata mats interpose a barner for oxygen diffusion between the sediment and water or air and may have a local impact on biogeochemical P and N fluxes.
The aim of the present study was to descnbe the seasonal vanation of phosphate, ammonium and oxygen fluxes between the sediment and overlying water, using in situ measurements and pore water nutrient concentration data. Nutnent fluxes are related to sediment charactenstics in order to estimate the fraction of nutnents buned versus the fraction of phosphate and ammonium released into F e overlying water. Oxygen fluxes are used to provide information on the variables influencing nutnent exchange.
MATERIALS AND METHODS
Study area. The Palmones River Estuary is located in Algeciras Bay (Fig. I) , southern Spain, at the end of a small catchment area (97 km2). It is a small, shallow, partially mixed estuary (mean depth ~1 . 5 m). Tidal movements have a maximum amplitude of 2 m, and extensive areas of mud emerge daily at low tide (Clavero et al. 1997a) . Additional detaiis about the estuary can be found in Carreira et al. (1995) and Niell et al. (1996) .
The site chosen for the present study is located in the middle of the estuary (Fig. I) , where sediment and water charactenstics have been documented since 1987 (Perez-Llorens & Niell 1990 , Clavero et al. 1991 , 1992 , 1997a , Hernandez et al. 1994 .
In situ flux measurements. Benthic flux expenments were conducted bimonthly from July 1996 to July 1997. Net fluxes of dissolved phosphate, ammonium and dissolved oxygen between the sediment and overlying water were measured using 3 opaque PVC chambers (volurne 30 1, section 0.2 m2) at low tide. Water samples (10 rnl each for P043-and NH4+) were collected at 20 min intervals for 4 h. At the same time, dissolved oxygen was measured using a multisonde MultiLine P3 pH/Oxi WTW. Water samples were carefully withdrawn from the chambers, avoiding the generation of turbidity using syringes fitted with Whatman GF/C fiiters. Immediately after collection, samples were frozen and transferred to the laboratory for later analysis.
Net dissolved oxygen, phosphate and amrnonium flwes (Jo) across the sediment-water interface were calculated according to Aller et al. (1985) :
where M = CV,(C,-c,-~) (1) J. is the oxygen, phosphate or ammonium flux (pmol m-2 d-1 ), V, is the total volume of overlying water at time t in the chamber (in litres), C, and C,-1 are the dissolved oxygen, phosphate or ammonium concentrations at times t and t-1, respectively, in the water (pmol 1-') and A is the surface of the sediment enclosed by the flux chamber (m2).
Flux estimate and sediment characterization. Two PVC cores (20 cm internal diameter, 20 cm long) inserted into the sediment adjacent to the PVC flux chamber were retneved and transported to the laboratory in an ice-box at 4°C. In the laboratory the sediment was extruded from the core and sliced into 2 cm segments under N2 atmosphere. Each slice was weighed and divided into 2 subsamples. The first subsample was centrifuged under N2 atmosphere to extract the Pore water (3000 rpm [I000 X g ] , 15 rnin, 4°C) which then passed through Whatman GF/C filters. The other sediment subsample was used to determine /--( PENINSULA where D. is the diffusion coefficient in water at infinite dilution (Li & Gregory 1974 ) and F' is the modified formation factor from Archie's relation (F = Q -~, Manheim 1970). D. vaiues for phosphate (7 X 10-6 cm2 s-I) and amrnonium (17.6 X 10-6 cm2 s-') were taken from Li & Gregory (1974) .
Open water column characterization. In triplicate, salinity, temperature and dissolved oxygen were measured using a multisonde YSI Gran 3800 water quality logger. Water samples were taken with a Van Dorn bottle according to experiment internals (at the same state of tide) and passed through Whatman GF/C filters for phosphate and ammonium analysis.
Analytical methods. Water samples from the water column, flux experiments and interstitial water were analyzed for amrnonium (Slawyk & MacIsaac 1972) and phosphate (Fernandez et al. 1985 ) using a Technicon Autoanaiyzer AAII. Sediment water content was determined by drying at 60°C. Organic matter content of dried samples was determined from weight loss following 4 h ashing at 450°C, in order to avoid losses by unstable CaC03. Organic carbon and total nitrogen were determined with a CHN Carlo Erba (Model 1106), total phosphorus was measured according to methods outlined in Sommers & Nelson (1972) .
RESULTS

Open water column
Temperature followed a seasonal pattern, and ranged from 14°C (January 1997) to 20.5OC (July 1996) . Salinity ranged from 31 to 36; the lower values coincided with the rainy period (from January to March 1997) in the catchrnent area (Fig. 2a) . Ammonium and phosphate concentrations (Fig. 2b) were fairly constant from July to November 1996 (2.5 to 3 pmol 1-' for phosphate and 19 to 26 p o l 1-' for ammonium), decreased to a minimum in January (1.4 and 8.2 p o l 1-' for phosphate and ammonium, respectively), increased in March and May (up to 8 p o l 1-' for phosphate and 89 p o l 1-' for ammonium), and decreased again in July 1997 (1.4 pmol 1-' phosphate and 43 pmol 1-I ammonium). The ratio of amrnonium to phosphate ranged from 6 (January 1996) to 29 (July 1997). Dissolved oxygen (Fig. 2c) varied from 6.5 to 8.5 mg 1-' (60 to 100% saturation), with the lowest concentration occurring in the rainy penod (March 1997 (Fig. 3) , with maximum values for organic matter, organic carbon and nitrogen at 4 cm depth. In contrast, the maxirnum values for phosphorus were observed at 10 cm. Depth-integrated organic carbon ranged from 1.1 % (November 1996) to 2.75 % of dry mass in July 1996 (Table 1) . Total nitrogen was 0.21 % of dry mass, with maximum values in May. Sedirnentary phosphorus is highly negatively correlated with the rainy season (r = -0.93), decreasing in concentration from 0.15% in July 1996 to 0.01% of dry mass in March 1997. Organic matter ranged from 6.2% (January 1997) to 9.4% (July 1997).
Phosphate and ammonium in Pore water. Pore water phosphate and ammonium concentrations were highly variable over depth and time (Fig. 4) . The highest phosphate (380 pmol 1-') and ammonium (3500 pmol 1-') concentrations were detected in July 1997. The minimum values were found in November 1996 (<I00 pmol l-' of phosphate and <600 w o 1 1-' of ammonium). Over the study penod phosphate and ammonium concentrations in Pore water were higher than those observed in the overlying water, from 1 8 to 210 times for phosphate and from 17 to 166 tirnes for ammonium.
In situ flux measurements
Benthic oxygen, phosphate and ammoniurn fluxes (Jo), calculated using Eq. (1) using benthic flyx chamber data, are given in Tables 
Calculated diffusive fluxes
Phosphate and ammonium benthic fluxes calculated from Pore water gradients using Eq. (2) (Jd) ranged from 30 to 67 p o l m-2 d-' for phosphate, which is lower than in situ fluxes (Table 2) . Likewise, the ammonium fluxes calcuiated from Pore water gradients with values from 114 to 174 pmol m-2 d-I were lower than in situ fluxes (Table 2) .
DISCUSSION
Increase and enhancement of phosphate and arnmonium fluxes were observed in this study according to Sediment composition, seasonal variabiiity and historic changes.
(1) In the replicate benthic flux chambers used, the fluxes of oxygen, phosphate and ammonium had low coefficients of vanation, with values of 6.24, 10.66 and 7.25%, respectively (Tables 2 & 3) . This homogeneity is a recent phenomenon; prior to 1993 the coefficients of vanation obtained were 30% ' (Clavero et al. 1991 (Clavero et al. , 1992 , possibly attributable to the presence of Nereis diversicolor which dominated the benthic fauna. The disappearance of macrofauna may have reduced the vanabiiity of fluxes. In the absence of bioturbation (Carreira et al. 1995 , Estacio et al. 1999 ), a possible explanation for the flux enhancements could be that mineralization of nutrients occurs primarily at the sediment-water interface rather than throughout the Sediment colurnn. Since oxygen typically only penetrates a few millimetres depth into clay Sediments (Revsbech et al. 1983 , Plante et al. 1989 , Witt et al. 1989 , decomposition of organic matter takes place mainly at the surface. Taking into account the high organic matter content (8 + 1.2 % dry mass) of the sediment (Table I) , the mineralization process couid be Yearly average Summer average very rapid. The quality of organic matter that becomes incorporated in the sediments is an important charactenstic. of a benthic System (Soetaert et al. 1998) because of its presumed impact on the magnitude and tirning of vanous ljenthic fluxes (Martin & Bender 1988; Soetaert et al. 1996) .
(2) Seasonal .vanations in phosphate and ammonium fluxes are evident (1-way ANOVA, a = 0.001 and Tukey-Kramer test); maximum fluxes occur in summer (July 1996 and , when the mineralization of sedimentary organic matter is typically most rapid. This pattern is frequently observed (Ailer 1980 , Ailer & Benninger 1981 , Seitzinger 1987 , Clavero et al. 1991 , Forja et al. 1994 and is related to the dependence of benthic fluxes on temperature (Boynton et al. 1980 , Fisher et al. 1982 , Kelderman 1984 . Our data show a strong correlation between fluxes and temperature over the studied penod (Fig. 5 , r = 0.88 for oxygen, r = 0.95 for phosphate and r = 0.95 for ammonium; a = 0.001). Seasonality in benthic nutnent fluxes in the estuary could be accounted for by the effect of temperature on both diffusion and metabolic activity of benthic organisms. Bulk flow of interstitial water due to seasonal water gradients (Fisher et al. 1982 , Carreira et al. 1995 , Izquierdo 1996 could also explain the observed changes in nutrient fluxes. Many authors have suggested that high rates of sulfate reduction may occur in the summer (Jorgensen & Sorensen 1985 , Klump & Martens 1987 , and may lead to an enhancement in nitrogen and phosphorus release by the sediments (Clavero et al. 1997b) . (Table 4) , but a companson of our fluxes with the area closest to our site (Forja et al. 1994) show our data to be lower. The flux enhancement ranged from 7 to 24 for phosphate and from 20 to 55 for ammonium (Table 2) . On average, calculated diffusive fluxes account for <10% of in situ fluxes. The general interpretation is an organic matter degradation which, in turn, produces Pore water nutnents which generate diffusive fluxes, but a relationship between fluxes measured in situ and organic matter degradation is also possible. Oxygen fluxes are significantly correlated (r = 0.90) with the organic carbon in the upper 2 cm of the sediment (Fig. 6a) . This result has been Organic matter degradation foiiows first-order kinetics with respect to organic matter content. We observed a negative correlation between the fluxes of phosphate (r = -0.98, a = 0.001) and ammonium (r = -0.97, a = 0.001) and the C:N ratio in organic matter from the upper 2 cm of Sediment (Fig. 6b,c) , suggesting the dependence of phosphate and ammonium regeneration on the quality of organic matter in the sediment (Boynton & Kemp 1985) . 
